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1  | HUMAN SKIN: MORE THAN JUST A 
PHYSIC AL BARRIER
To understand the need and requirements of models to study the 
skin barrier function, it is important to first address the different 
barrier functions of human skin and their role in maintaining tissue 
homeostasis. From the outside- in, the skin protects against diffu-
sion of molecules, chemical exposure, ultraviolet (UV) radiation and 
penetration of pathogens. From the inside- out, passage of water 
and electrolytes is prevented thereby protecting the body from 
dehydration. The stratum corneum (SC) and tight junctions (TJs) form 
the physical barrier.[1,2] While the SC exerts most of the defensive 
functions of the epidermis from outside- in, TJs are the first physical 
barrier from inside- out. In case of a barrier defect, the Langerhans 
cells, keratinocytes and skin resident immune cells join forces to 
provide a secondary immunological barrier. The release of defense 
molecules by epidermal keratinocytes contributes to the chemical 
barrier function of the skin. Last but not least, the skin microbiome 
can be considered as a microbial barrier. We will briefly outline these 
four barrier functions which are illustrated in Figure 1.
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Abstract
The skin barrier is an important shield regulating the outside- in as well as inside- out 
penetration of water, nutrients, ions and environmental stimuli. We can distinguish 
four different barrier compartments: the physical, chemical, immunological and mi-
crobial skin barrier. Well- functioning of those is needed to protect our body from the 
environment. To better understand the function and the contribution of barrier dys-
function in skin diseases, 3D skin or epidermal models are a valuable tool for in vitro 
studies. In this review, we summarize the development and application of different 
skin models in skin barrier research. During the last years, enormous effort was made 
on optimizing these models to better mimic the in vivo composition of the skin, by 
fine- tuning cell culture media, culture conditions and including additional cells and 
tissue components. Thereby, in vitro barrier formation and function has been im-
proved significantly. Moreover, in this review we point towards changes and chances 
for in vitro 3D skin models to be used for skin barrier research in the nearby future.
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1.1 | Physical barrier
The SC consists of about 15- 20 stacked layers of corneocytes with 
intermediate lipid layers. During the terminal differentiation process, 
viable keratinocytes transform into dead and dying cells that have 
lost their nuclei and cytoplasmic organelles, which are now called 
corneocytes. Terminal differentiation of keratinocytes is tightly con-
trolled and enzymes like transglutaminases (TGases)[3] and protease 
inhibitors like cystatin M/E control the cornification and desquama-
tion process.[4] The lipids form an integral part of the physical barrier, 
and the final steps in synthesizing the lipids occur at the interface 
between the viable epidermis and SC. During the differentiation 
process, keratinocytes express distinct epidermal proteins in the dif-
ferent layers of the epidermis. This feature is very useful for the dis-
tinction of the layers within the epidermis of human skin models and 
to check whether the in vitro generated epidermis faithfully mimics 
native skin. Additionally, the viable epidermis also contributes to the 
skin barrier function by adherens junctions, TJs and desmosomes. 
Adherens junctions and desmosomes are not directly linked to skin 
barrier function but are important for keratinocyte adhesion and 
differentiation that is needed for epidermal integrity. TJs are crucial 
for skin barrier function as they are crucial for the inside- out barrier 
function.[5,6] TJs are formed in the granular cell layer by several TJ 
proteins that are all expressed at specific layers of the epidermis, 
indicating the complexity of the skin barrier formation.[7]
1.2 | Chemical barrier
The skin is equipped with antimicrobial peptides (AMPs), pro-
duced by the keratinocytes, but also immune cells, that protect 
against bacterial infections. The most well- known keratinocyte- 
derived AMPs are defensins, S100 proteins, human cathelicidin 
LL- 37 and late cornified envelope proteins. Other skin AMPs are 
dermcidin, SKALP/elafin and secretory leukoprotease inhibitor 
(SLPI). Most of these AMPs are absent or expressed at low levels 
during skin homeostasis. In more vulnerable areas like the hair 
follicles (port d’entrée) or internal epithelia (oral cavity, vagina), 
these AMPs are expressed at higher levels to contribute to host 
defense.[8]
The antimicrobial activity of reactive oxygen species (ROS) re-
leased by keratinocytes contributes to the chemical skin barrier but 
may also harm the host, for example when produced by excessive 
UV radiation. For protection, the skin produces antioxidants like vi-
tamins C and E, and glutathione[9-11] and produces ROS scavengers 
(eg superoxide dismutase, catalase, peroxidase). Additionally, it was 
shown that small proline rich (SPRR) proteins are highly effective 
in quenching ROS in the epidermal cornified cell envelope, thereby 
contributing to epidermal protection.[12]
1.3 | Immunological barrier
In the dermis but also in the epidermis, cells and molecules from 
either the innate or adaptive immune system are present to protect 
against a large variety of pathogens, for example via the expression 
of pattern recognition receptors that can bind microbial- derived li-
gands to induce an immune response. Not only immune cells, like 
Langerhans cells or patrolling T cells in the epidermis, contribute 
to epidermal host defense, but also keratinocytes are potent pro-
ducers of soluble immunomodulatory factors, like cytokines and 
chemokines that lead to or dampen inflammation, or can modulate 
T cells and dendritic cells.[13] The interplay between keratinocytes 
and immune cells is vital for tissue homeostasis and inflammatory 
processes, and has been the subject of research for decades. In 
the skin, there are twice as much T cells present than in the blood-
stream,[14] indicating the importance of the skin as an immunologi-
cal reservoir.
1.4 | Microbial barrier
The microbial barrier is formed by the commensal skin microbiome. 
The skin microbiome is defined as all microbiota that are present on 
our skin, mainly consisting of bacteria but also including fungi and 
viruses. Our skin commensals serve as a barrier to prevent infection 
by pathogenic microbes. A well- balanced microbiome contributes 
to our health, and it is shown that imbalance, with a shift towards 
pathogenic microbiota, is related to disease.[15,16] The complex host- 
microbe and microbe- microbe interactions on the surface of human 
skin, in health and disease, are poorly understood and subject of cur-
rent research.
F IGURE  1 Skin barrier compartments. The human epidermal 
barrier can be divided into four compartments: the physical, 
chemical, immunological and microbial barrier. The schemes show 
the most important cells, molecules or micro- organisms that 
contribute to each particular barrier function and where those 
are located within the different epidermal layers (SC = stratum 
corneum, SG = stratum granulosum (black dots represent 
keratohyalin granules), SS = stratum spinosum, SB = stratum 
basale)
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2  | RE VIE W OUTLOOK AND AIMS
To study skin barrier function in health and disease, we need model 
systems in which normal skin biology and the effect of disease- related 
factors can be studied. The search for appropriate in vitro skin models 
has started decades ago and is ever rising due to limited availability of 
human skin, and ethical issues with regard to animal experimentation. 
While in vitro 3D skin models have been extensively used to study the 
physical barrier of the skin, the chemical barrier function of the epi-
dermis with regard to AMPs or ROS- neutralizing molecules is less well 
studied. Although it is common knowledge that antimicrobial peptides 
are produced and secreted by keratinocytes, functional studies are 
lacking mainly due to the very few studies describing the incorporation 
of microbiota in 3D skin models. This is, however, a crucial step to take 
in the coming years. The same holds true for the immunological skin 
barrier. Three- dimensional skin models including immune cells like T 
cells or Langerhans cells have been reported[17-20]; however, it is chal-
lenging to mimic the dynamic patrolling of immune cells between the 
skin and the lymphatic system in a static in vitro system. Current devel-
opments to generate skin- on- a- chip platforms by microfluidics tech-
nology could enable the analysis of the immunological barrier function 
by immune cells that recognize and eliminate pathogens in the skin.[21]
In this review, we will discuss the development of 3D skin models 
over the years and highlight the potential of these models to study 
the physical and microbial barrier function of the skin. With this 
overview, we aim to provide a direction for future research in these 
fields and to enable studies on the chemical and immunological bar-
rier as well.
3  | THE DE VELOPMENT OF IN VITRO 
3D MODEL S FOR HE ALTHY SKIN: AN 
HISTORIC AL OVERVIE W
The first methods that describe the separation of human skin (epi-
dermis from the dermis) and the isolation and culturing of human ke-
ratinocytes were developed in the early fifties and lie at the heart of 
the knowledge we have today to generate reconstructed skin mod-
els.[22] Cultivation of adult mammalian skin epithelium in vitro was 
described for the first time in 1948[23] and was subsequently adapted 
by other groups.[24] It was demonstrated that cell suspensions ob-
tained from slices of human epidermis after trypsinization can un-
dergo long- term culture; however, the epithelial like cells showed 
more resemblance with HeLa cells than keratinocytes.[25] In 1960, 
it was shown that isolated keratinocytes from adult guinea pig skin 
were able to form colonies in culture, even in the absence of a der-
mal support, when seeded at high a density, while under submerged 
conditions cells seeded at lower densities had a tendency to differ-
entiate.[24] A huge milestone was achieved by Rheinwald and Green 
in 1975 who used lethally irradiated 3T3 fibroblasts as feeder layers 
to generate cultures of human keratinocyte colonies that originated 
from a single keratinocyte. This discovery allowed scientists in the 
field of dermatology to generate large quantities of keratinocytes 
for in vitro cell culture studies and paved the way for the treatment 
of burn wound patients.[26-29] Initiated by the seminal work of the 
Rheinwald and Green laboratory, the monolayer culture of human 
keratinocytes on plastic culture plates has been the main technique 
to study skin biology and pathophysiology in vitro. Rheinwald and 
Green were also the first to describe that such monolayer cultures 
can differentiate and form multilayered structures.[30] Simplicity, 
high- throughput and reproducibility are major advantages of mon-
olayer keratinocyte cultures. However, many features of a fully strat-
ified epidermis are lacking in this model and keratinocytes are forced 
to adapt to artificial circumstances, like a flat surface and submerged 
culture, which may alter gene expression and cell function.[31] To 
study cell- cell interactions, regulation of proliferation and differen-
tiation, wound healing, skin barrier function and skin- microbiome 
interactions, 3D skin models better resemble the natural architec-
ture and functions of the skin and should be considered as the gold 
standard when performing in vitro studies on human skin.
One of the first explant 3D model was described in 1976 when 
inverted dead pig skin was used to establish outgrowth of keratino-
cytes.[32] This method was improved by the use of collagen matrices to 
culture keratinocytes at the air- liquid interface.[33,34] This study set the 
stage for generating a better differentiated epidermis on human de- 
epidermized dermis (DED) while preserving the basement membrane 
proteins.[35] Ponec et al further improved this DED to culture kera-
tinocytes that attach to the existing basement membrane.[36] From 
the eighties on, culture protocols were optimized and improvements 
were made resulting in many different types of human skin equivalents 
(HSEs) and human epidermal equivalents (HEEs), also designated as 
organotypic cultures, cultured skin substitutes or living skin equiva-
lent, with different types of dermal substrates (eg inert filters, DED, 
collagen matrices, lyophilized collagen- glycosaminoglycan GAG mem-
branes and fibroblast derived matrices)[37-42] (Figure 2). HSEs serve 
as an excellent alternative to animal experimentation, which resulted 
(due to public pressure) in 2013 in the ban of testing cosmetic ingre-
dients in animals. Nowadays, different types of HSEs exist harbouring 
other cell types like melanocytes, endothelial cells, Langerhans cells 
and immune cells.[20,43-45] These enriched HSEs are mostly used for 
research purposes to study interactions between cells and their micro-
environment and open new opportunities in the field of tissue engi-
neering and wound healing.[46-48] Next to the “in- house” HSEs, several 
commercial skin equivalents are available such as EpiCS® (CellSystems, 
Germany), Epiderm™ (MatTek, USA) and SkinEthic™ RHE (L’Oreal, 
France), that are used for basic research and toxicological screen-
ings.[49-52] These models have been validated according to European 
(EU) guidelines and implemented into the EU and Organisation for 
Economic Co- operation and Development (OECD) guidelines for 
testing dangerous ingredients for the skin.[49,53-58] Currently, the 
Organisation for Economic Co- operation and Development (ECVAM) 
is also putting effort in replacing the local lymph node assay (LLNA) 
by HSEs to predict and discriminate between skin sensitizers and irri-
tants.[59-62] At present, the development of HSEs is accelerated due to 
novel technologies such as 3D printing and skin (organ) on a chip.[63-
65] These technological advances enable the combination of multiple 
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cell types and a dynamic fluid flow, but it remains to be seen whether 
optimal skin morphology and function can be achieved and monitored 
in these technical platforms. It will be of utmost importance to validate 
these novel skin models and determine their suitability to study skin 
barrier function like it has been carried out for the past decades for the 
HSEs and HEEs, which we will discuss below.
4  | 3D SKIN MODEL S TO STUDY THE 
PHYSIC AL SKIN BARRIER:  FROM STR ATUM 
CORNEUM LIPIDS TO TIGHT JUNC TIONS
4.1 | Stratum corneum lipid composition of native 
skin and differences with 3D skin models
A major part of the physical barrier function of the skin resides in the 
SC consisting of corneocytes embedded in lamellar regions. As the 
intercellular SC lipids are crucial for a proper skin barrier function, this 
section focuses on the lipid barrier as an important part of the physi-
cal skin barrier. The major lipid classes are ceramides, free fatty acids 
(FFAs) and cholesterol.[66] The lipid assembly of native human skin is 
mainly orthorhombic, which is further explained in Figure 3.[67-69] In 
a first attempt to create a skin barrier, keratinocytes were seeded on 
collagen gels or collagen- coated filters and cultured at the air- liquid 
interface, but the SC was not properly formed.[35] Next, keratino-
cytes were combined with human de- epidermized dermis[35,70-73] or 
collagen gels populated with fibroblasts[72,74] which improved tissue 
architecture, lamellar body extrusion and the SC formation.[75,76] 
However, lipid assembly was yet not optimal.[67,75] Further optimiza-
tion by vitamin C supplementation substantially improved the lipid 
processing and resulted for the first time in the synthesis of also 
the most hydrophilic ceramide subclasses although in slightly differ-
ent composition than in native human skin.[77-81] In the same period, 
the lipid composition and organization of various commercial was 
reported (eg EpiDerm, SkinEthic, EpiSkin).[82] Substantial differences 
were observed between the models, but at that time, none of them 
contained the hydrophilic ceramide subclasses in amounts similar to 
native skin, indicative for a lack of vitamin C in the culture medium. 
Importantly, the permeability of each of these models was much 
higher than in native human skin.[83]
In the stratum corneum of HSEs, the chain length of FFAs is 
shorter when compared to native human skin,[84] but improvement 
of the lipid profile has been achieved by the supplementation of 
F IGURE  2 Skin barrier analyses in 3D skin models.(A) After 
skin biopsy, the epidermis can be separated from the dermis to 
isolate both keratinocytes and fibroblasts. To generate a 3D skin 
model keratinocyte can be grown on a cellular matrix (fibroblast- 
collagen matrix), acellular matrix (de- epidermized dermis, DED) or 
inert plastic filter. For several days, the keratinocytes are grown 
in submerged cell culture after which the culture medium level is 
lowered for culture at the air- liquid interface. About two weeks 
later, a multilayered stratified epithelium is formed which is similar 
to in vivo skin/epidermis. (B) List of diverse read out parameters 
that can be assessed to determine the skin barrier function of in 
vitro skin models
F IGURE  3 Stratum corneum lipid organization. In the 
intercellular spaces between the corneocytes, the lipids are 
arranged in stacked layers (lamellae), with two coexisting lamellar 
phases, either 6 nm (SPP) or 13 nm (LPP). Within the lipid lamellae, 
the lipids are arranged in a very dense ordered orthorhombic 
organization, a less dense ordered hexagonal organization or a 
disordered liquid organization. The former is predominantly present 
in healthy human SC. The figure has been adopted from J. van 
Smeden, thesis June 2013 entitled: A breached barrier:analysis of 
stratum corneum lipids and their role in eczematous patients
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fatty acids in the medium.[84] More recently, two different HSE and 
one HEE model and their ceramide profiles were examined.[81,85] 
These models showed all a similar ceramide profile: all ceramide sub-
classes identified in native human SC were present, but the relative 
amounts differed from that in native human skin. The permeability 
of these models was 3- 5 times higher than in native human skin.[86] 
Another HSE model shows the presence of ceramide [NS], [NdS] and 
[NP], but the most hydrophilic ceramides were hardly not detected 
suggesting absence of vitamin C in the medium.[86] For a representa-
tion of different ceramide classes, see Figure 4.
With the introduction of liquid chromatography- mass spectrom-
etry (LC/MS), the lipid composition could be evaluated in more de-
tail.[87] This revealed that HSEs have an increased abundance of short 
chain ceramides and an increased level of unsaturated chains.[87,88] 
This leads to organization alterations including a less dense hexago-
nal packing and shorter repeat distance of the lamellar phases com-
pared to native human skin. The SkinEthic and Phenion skin models 
were also examined. The SkinEthic model had a similar lipid profile 
as the Leiden models with improved ceramide profile compared to 
previous studies,[82] while the Phenion model showed very low cera-
mide content lacking the most hydrophilic ceramides and high levels 
of unsaturated FFAs (unpublished results).
The presence of shorter chains and unsaturated lipids is very 
important observations as this provides important information to 
improve the lipid composition and thus the lipid barrier in culture 
models. Furthermore, modifications of the environmental condi-
tions including the optimization of culture temperature both in 2D 
and 3D can be of influence. Recent evidence revealed the influ-
ence of reducing the relative humidity.[89-91] Recently, chitosan was 
introduced in the collagen matrix, which resulted in an improved 
skin barrier as evaluated by measurement of transepidermal water 
loss.[92] Optimization of culture conditions will be topic of future 
studies. Medium composition is also prone to optimization, as 
multiple studies revealed improved barrier formation after topical 
application of metabolic active molecules improving the barrier for-
mation in vivo.[93-95] These molecules could potentially be applied on 
or dissolved in the medium of HSEs to enhance the in vitro barrier 
functionality. At first, the actual barrier function of the HEEs and 
HSEs is of importance. Nowadays, many commercial and in- house 
skin models show a well- developed epidermis; however, their use in 
screening constituents and formulations on their permeation across 
the skin is yet limited.[52,96] The main reason for this limitation is the 
difference in lipid composition and organization when compared to 
native skin. To conclude, improvement of the skin barrier function, 
can be achieved by (i) normalization of ceramide subclass composi-
tion, (ii) increase in CER and FFA chain length and (iii) reduction in 
the level of monounsaturated fatty acids and unsaturated CERs. The 
optimization of the culture medium and a more in vivo like culture 
environment concerning humidity, temperature and oxygen levels 
are important factors to take into account. Furthermore, it could be 
of interest to add sebocytes in the 3D models to initiate the pro-
duction of sebum to modify the surface properties and more closely 
mimic the interactions of formulations with the skin surface in the 
in vivo situation.
4.2 | Human skin models to study the role of tight 
junctions in skin barrier function
The next physical barrier in the skin, just beneath the stratum cor-
neum, is formed by the tight junctions (TJs) in the epidermis. In re-
cent years, it became evident that TJs are part of the physical skin 
barrier.[5,7,97] In addition, they influence SC formation and func-
tion.[6,7] Furthermore, TJ proteins have been shown to be involved in 
keratinocyte proliferation, differentiation, migration, apoptosis and 
cell- cell adhesion.[98-101] Thus, TJs and distinct TJ proteins are inter-
esting to address for investigation of epidermal barrier function, epi-
dermal differentiation, epidermal ion gradients and wound healing.
In well- formed reconstructed HEEs and HSEs, localization of TJ 
proteins is similar to normal skin; that is, claudin- 1 (Cldn- 1) is found 
in all epidermal layers with a lower expression in the basal cell layer, 
Cldn- 4 and ZO- 1 are localized in the upper stratum spinosum (SS) 
and stratum granulosum (SG), and occludin is restricted to the gran-
ular cell layer.[102,103] In addition, TJ barrier function to molecular 
tracers can nicely be seen in the granular cell layer by Biotin- SH as-
says in well- structured models, again similar to human skin.[102-108] 
However, when the model is less developed, atypical localizations 
can be seen. TJs also contribute to transepithelial electrical resis-
tance (TEER) often measured in 3D models, but TEER also reflects 
ion barrier of the SC and is therefore a measure for overall barrier 
function.
In general, HEEs and HSEs are elegant models to investigate TJ 
formation and function in the epidermis. For example, HEEs were 
F IGURE  4 Overview of ceramide classes. Ceramides consist 
of a polar head group and two apolar tails, a sphingoid base linked 
to an acyl chain (grey). Both chains can vary in their structure by 
the number of carbon atoms and the head group architecture as 
shown in the figure. In the most abundant ceramides in human SC, 
4 different sphingoid bases (dihydrosphingosine [dS], sphingosine 
[S], phytosphingosine [P] and 6- hydroxy sphingosine [H]) and 3 
different acyl chains (non- hydroxy fatty acid [N], α- hydroxy fatty 
acid [A] and esterified ω- hydroxy fatty acid [EO]) are present. The 
figure has been adopted from J. van Smeden, thesis June 2013 
entitled: A breached barrier:analysis of stratum corneum lipids and 
their role in eczematous patients
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used already very early during epidermal TJ research to investi-
gate the formation of TJs during epidermal maturation. In addition, 
HEEs and HSEs were instrumental to investigate the effect of (i) 
Clostridium perfringens enterotoxin, a toxin which is known to open 
TJs in the intestine by removal of—among others—Cldn- 3, Cldn- 4 
and Cldn- 7,[109] (ii) sodium caprate (C10), a molecule well known as 
an absorption enhancer in the intestine which influences signalling 
pathways and thereby opens TJs,[106,110] and (iii) knock- down of the 
TJ protein occludin.[98] On the other hand, 3D skin models have 
been used to investigate the influence of external stimuli or non- TJ- 
protein mutations on TJs. The models were used to test the effect of 
(i) various cytokines and combinations of cytokines,[103,107,111-113] (ii) 
histamine,[105] (iii) staphylococcal infection,[102] (iv) TLR agonists,[108] 
(v) cells derived from squamous cell carcinoma and actinic kerato-
sis[114] and (vi) filaggrin mutations/knock- down.[103,112,115]
4.3 | Technical and biological variances in 3D 
skin models
Notwithstanding the great importance of the implementation of 3D 
skin models in skin barrier research, we should be aware that experi-
mental heterogeneity and the wide variety in types of skin models 
based on cell sources, cell types, dermal substrates, culture medium, 
etc. hamper the replication of data. Raising awareness about biologi-
cal variances is of great importance, and the use of multiple differ-
ent biological donors (albeit resulting in larger standard deviations) 
within experiments is highly recommended. Furthermore, a thor-
ough characterization of the basic model is required to evaluate the 
effects of interventions. The use of patient- derived, genetically de-
fined keratinocytes or the overexpression or knock- down of genes 
is considered a valuable tool for the functional analysis of individual 
genes in an organ- like environment. However, differences in experi-
mental procedures may impact the study outcome, which is exempli-
fied in the next paragraph by the variety of 3D skin models to study 
the role of filaggrin (FLG) in skin barrier function.
4.4 | Studying skin barrier function in human skin 
diseases: the filaggrin story as an example
Skin barrier dysfunction is associated with several skin disorders 
caused by mutations encoding the main components of corneo-
cytes, the lipid layers, or cell- to- cell contacts like desmosomes or 
TJs.[116] Besides these monogenic diseases, impaired skin barrier 
function can be a secondary event in chronic skin inflammation (eg 
psoriasis, atopic dermatitis). One key example of studies on the role 
of skin barrier function in skin disease pathogenesis is that of FLG in 
atopic dermatitis (AD). FLG- null alleles are by far the strongest and 
most widely replicated genetic risk factor for AD. As sensitization 
against common environmental antigens is a hallmark of AD, it has 
been tempting to postulate a leaky skin barrier as the most plausible 
mechanism that links genetic alterations to the disease phenotype. 
Murine models of FLG haplo- insufficiency, showing barrier impair-
ment and enhanced percutaneous allergen sensitization, exemplify 
the detrimental effect of having less FLG expression on skin barrier 
function.[117] The impaired barrier integrity phenotype associated 
with FLG- null mutations in human skin is emerging, with evidence of 
reduced natural moisturizing factor (NMF) in the SC,[118-120] and SC 
integrity and cohesion impairment.[121,122] As mouse models may not 
faithfully recapitulate the human pathophysiology, in vitro models 
seem a promising tool to dissect the effect of FLG loss on skin barrier 
function in a controlled laboratory environment.
Over the years, several studies have appeared using knock- down 
strategies in 3D skin models to study the effect of FLG on skin bar-
rier function. The majority of these models are based on the model 
first described by Mildner et al who used neonatal human foreskin 
keratinocytes and siRNA to knock- down FLG gene expression and 
observed an increased penetration of the Lucifer Yellow (LY) dye 
through the SC of FLG knock- down HEEs.[123] Thereafter, studies 
from other groups appeared using similar approaches; however, 
results are conflicting. Experimental models have used foreskin 
keratinocytes,[87,122-124] adult primary keratinocytes[125] or an im-
mortalized keratinocyte cell line[126] to generate HSEs. Knock- down 
strategies varied from transient knock- down using siRNA[87,122-124] 
to stable transduction using lentiviral delivery of FLG- targeting 
shRNA.[125,127] Most of these studies obtained a significant reduc-
tion in FLG mRNA or protein expression (70%- 90%), but none of 
them reached complete absence of expression. More recently, we 
and others have used patient- derived keratinocytes obtained from 
ichthyosis vulgaris (IV) patients carrying homozygous FLG loss- of- 
function mutations to generate HEEs and study in vitro skin barrier 
function.[103,127] This provides a unique possibility to study the role 
of FLG in skin barrier defects, reported for both IV and AD. Thereby, 
knock- down–derived off- target effects were excluded, while poten-
tial compensatory mechanisms by naturally occurring FLG deficiency 
were taken into account. Strikingly, no differences were found in the 
barrier function of the naturally FLG- deficient 3D skin models. FLG 
mutations only explain a subgroup of all AD patients, whereas all 
patients suffer from barrier impairment; therefore, there must be 
one or more additional factors than FLG mutations alone. Probably, 
other mutations or exogenous triggers might be necessary to induce 
AD, either accompanied by or resulting in an impaired skin barrier 
function. The advantage of the use of a 3D model was to specifically 
modify one parameter, in this case the use of FLG- deficient keratino-
cytes, to analyse the consequences thereof on the development and 
function of the epidermal barrier in vitro. Similarly, no changes were 
observed in the barrier permeability and lipid composition of FLG 
knock- down keratinocytes in a 3D model.[126] In our study, barrier 
function was tested by the polar solutes LY and biotin as these are 
commonly used in comparable studies.[125,128] Although alteration of 
the permeability for these low molecular weight tracers was not ob-
served, this does not completely rule out alterations of FLG- deficient 
epidermis with respect to permeability for environmental molecules 
with other biophysical properties such as microbial or airborne an-
tigens, or fragments thereof. This raises an important question: can 
we draw definite conclusions with the 3D skin models we are using 
when complex disease pathogenesis lies at the heart of the disease? 
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This concern also applies to in vivo animal models, and we should 
therefore strive to combine insights gathered from different exper-
imental models for a better validation and extrapolation of results 
towards complex human diseases.
5  | THE SKIN MICROBIOME: A NOVEL 
PL AYER IN SKIN BARRIER RESE ARCH
Besides the above- mentioned barrier compartments of the skin, the 
microbial barrier is of great importance.[129] Disturbance of any of 
these barriers can lead to a persistent inflammatory state or an in-
sufficient host response to pathogens. Over the recent years, we 
have witnessed a scientific breakthrough with respect to our knowl-
edge and understanding of the human skin microbiome.[130-137] In 
normal circumstances, our skin peacefully coexists with commen-
sal bacteria; however, changes in the composition of cutaneous mi-
crobial communities (which is called dysbiosis) and an altered host 
immune response to these microbiota can affect the homeostatic 
relations. This disturbance might drive inflammatory skin diseases 
like psoriasis and AD, which are characterized by an impaired skin 
barrier function.[129,138-140] Mutations in the FLG gene are the major 
genetic risk factor for developing AD,[141] and recently, it was demon-
strated that FLG mutations also have a strong impact on the human 
skin microbiome.[16] Cutaneous micro- organisms are linked to the 
pathogenesis of AD as skin of these patients is frequently colonized 
with Staphylococcus (S.) aureus leading to recurrent skin infections 
and subsequent antibiotic treatment.[142,143] A study using HSE mod-
els has shown that reduced expression of filaggrin protein resulted 
in increased epidermal S. aureus colonization.[144] S. aureus is also a 
major pathogen in skin infections in burn wound patients, and large 
efforts are made to prevent and treat wound infections.[145,146] The 
expectation is that many studies will investigate the role of micro- 
organisms in skin diseases and therapeutic strategies to treat these 
conditions. As an alternative for research animals in vitro human skin 
models will be the main tool to investigate the interaction between 
micro- organisms and human epidermis.
Since the turn of the century, several in vitro studies have shown 
direct interactions of skin- specific micro- organisms with kerati-
nocytes. These studies revealed that commensal and pathogenic 
bacteria can activate different signalling pathways and are able to 
induce the expression of AMPs and proinflammatory cytokines and 
chemokines in these submerged cultures[13,16,147-152] and that they 
can biphasically influence TJ barrier function.[102] As there is no SC 
in conventional monolayer cultures, the bacteria are in direct con-
tact with the keratinocytes, something that usually does not hap-
pen. Therefore, 3D models mimicking human skin to study in vitro 
infection and host- microbiome interactions are preferable. Until 
now, a few of such studies are performed. One of the first studies 
reported that virulent, hyphae forming, Candida albicans strains pen-
etrate the protective layer of keratinocytes in in vitro reconstructed 
human skin and invade through the epithelial cell layers.[153] Others 
generated a living skin model that supported topical application and 
colonization of skin commensals (eg S. epidermidis) and a transient 
bacterial pathogen (S. aureus) for up to 72 hours of incubation and 
with an intact and undamaged surface showing differential host- 
defense gene expression or TJ protein localization and barrier func-
tion in response to S. epidermidis or S. aureus.[102,154,155] Furthermore, 
3D models were used to study the fundamental effects of biofilms in 
wound healing[156] and to mimic thermal wound infection.[157]
However, in all above- mentioned studies just single bacterial 
strains are used not really reflecting our complex human skin micro-
biome. Future studies should focus on small composite microbiomes 
and patient- derived (whole) skin microbiomes. To eventually perform 
whole microbiome modulation and analysis in vitro the optimal col-
lecting method of micro- organisms and time of coculture should be 
established. Thereafter, the interaction of HEEs with defined bacterial 
strains, small composite artificial and whole (patient- derived) micro-
biomes should be characterized to determine the stability of the in 
vitro microbiomes in time and epidermal host response. The viability 
of relevant bacterial strains upon coculture with the HEEs should be 
determined, as the molecular approaches that are currently in use are 
unable to distinguish between microbial genomic DNA derived from 
living vs dead organisms. We recently successfully used the propidium 
monoazide (PMA) treatment of micro- organisms, resulting in isolation 
and amplification of viable cell genomic DNA only.[158] Finally, the 
window of opportunity for evaluating the effect of pre- , pro- or anti-
biotic strategies in vitro skin microbiome models could be examined.
6  | CONCLUSIONS AND PERSPEC TIVE
Three- dimensional skin models enable us to control and change dif-
ferent parameters of the skin, for example culture stimuli, cell geno-
type or application of therapeutics and measure the impact of those 
on skin barrier function. The 3D skin models available to date will 
certainly advance over the coming years by the optimization of cul-
ture conditions, but already now in vitro cultured 3D skin models 
have been proven to be an excellent alternative for, or addition to, 
experimental animal models to study skin biology, wound healing, 
skin ageing and disease pathology.[96,159-163] As mentioned before, 
improving the actual skin barrier function of 3D skin models needs 
serious attention. One could speculate that the sterile environment 
of cultured 3D skin models lacks important stimuli for a normal skin 
barrier function to be established. The host- microbe interaction be-
tween keratinocytes and microbiota could be a key factor for achiev-
ing the skin barrier function we observe in native skin. The sensing of 
microbial- derived molecules may be an essential trigger for the cor-
rect formation of the skin barrier in 3D skin models. Thus far, studies 
that include microbial components onto 3D skin models are scarce 
and have only investigated the effects of individual microbes on 
TEER, TJ expression and function and host- defense gene expression 
by keratinocytes. Studies on the effects of complete microbiomes 
on SC formation, composition and permeability or the keratinocyte 
interaction with immune cells are pivotal but still missing. Future re-
search should be directed towards the standardization of application 
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methods, controlling bacterial growth and survival on the models, 
and optimizing techniques for the analysis of the microbes and 3D 
skin models.
ACKNOWLEDG EMENTS
HN, PZ and EB are funded by The Netherlands Organization for 
Health Research and Development. HN and PZ are funded by a 
ZonMw TOP grant 91211052, EB by a VENI Grant 91616054 from 
ZonMw and MKMD 114021503 grant from ZonMw.
CONFLIC T OF INTERE S TS
The authors have declared no conflicting interests.
AUTHOR CONTRIBUTIONS
EB initiated and supervised the study. HN, JBo, AEG, JBr, PZ and EB 
wrote and edited the manuscript. All authors have approved of the 
content of the manuscript.
ORCID
Ellen H. van den Bogaard  http://orcid.org/0000-0003-4846-0287 
R E FE R E N C E S
 [1] P. M. Elias, J. Invest. Dermatol. 2005, 125, 183.
 [2] E. Proksch, J. M. Brandner, J. M. Jensen, Exp. Dermatol. 2008, 17, 
1063.
 [3] R. H. Rice, H. Green, Cell 1977, 11, 417.
 [4] P. L. Zeeuwen, I. M. Van Vlijmen-Willems, B. J. Jansen, G. 
Sotiropoulou, J. H. Curfs, J. F. Meis, J. J. Janssen, F. Van Ruissen, J. 
Schalkwijk, J. Invest. Dermatol. 2001, 116, 693.
 [5] N. Kirschner, P. Houdek, M. Fromm, I. Moll, J. M. Brandner, Eur. J. 
Cell Biol. 2010, 89, 839.
 [6] T. Sugawara, N. Iwamoto, M. Akashi, T. Kojima, J. Hisatsune, M. 
Sugai, M. Furuse, J. Dermatol. Sci. 2013, 70, 12.
 [7] K. Basler, S. Bergmann, M. Heisig, A. Naegel, M. Zorn-Kruppa, J. M. 
Brandner, J. Control. Release 2016, 242, 105.
 [8] A. Bardan, V. Nizet, R. L. Gallo, Expert. Opin. Biol. Ther. 2004, 4, 
543.
 [9] R. Kohen, Biomed. Pharmacother. 1999, 53, 181.
 [10] J. M. McCord, I. Fridovich, J. Biol. Chem. 1969, 244, 6056.
 [11] K. U. Schallreuter, J. M. Wood, Free Radic. Biol. Med. 1989, 6, 519.
 [12] W. P. Vermeij, A. Alia, C. Backendorf, J. Invest. Dermatol. 2011, 131, 
1435.
 [13] F. O. Nestle, P. Di Meglio, J. Z. Qin, B. J. Nickoloff, Nat. Rev. 
Immunol. 2009, 9, 679.
 [14] R. A. Clark, B. Chong, N. Mirchandani, N. K. Brinster, K. Yamanaka, 
R. K. Dowgiert, T. S. Kupper, J. Immunol. 2006, 176, 4431.
 [15] E. A. Grice, Semin. Cutan. Med. Surg. 2014, 33, 98.
 [16] P. L. Zeeuwen, T. H. Ederveen, D. A. van der Krieken, H. Niehues, J. 
Boekhorst, S. Kezic, D. A. Hanssen, M. E. Otero, I. M. van Vlijmen-
Willems, D. Rodijk-Olthuis, D. Falcone, E. H. van den Bogaard, M. 
Kamsteeg, H. D. de Koning, M. E. Zeeuwen-Franssen, M. A. van 
Steensel, M. Kleerebezem, H. M. Timmerman, S. A. van Hijum, J. 
Schalkwijk, J. Allergy Clin. Immunol. 2017, 139, 1368.
 [17] E. H. van den Bogaard, G. S. Tjabringa, I. Joosten, M. Vonk-Bergers, 
E. van Rijssen, H. J. Tijssen, M. Erkens, J. Schalkwijk, H. Koenen, J. 
Invest. Dermatol. 2014, 134, 719.
 [18] K. Ouwehand, S. W. Spiekstra, T. Waaijman, R. J. Scheper, T. D. de 
Gruijl, S. Gibbs, J. Leukoc. Biol. 2011, 90, 1027.
 [19] K. Ouwehand, S. W. Spiekstra, T. Waaijman, M. Breetveld, R. J. 
Scheper, T. D. de Gruijl, S. Gibbs, Eur. J. Cell Biol. 2012, 91, 765.
 [20] V. Facy, V. Flouret, M. Regnier, R. Schmidt, Toxicol. In Vitro 2005, 
19, 787.
 [21] L. J. van den Broek, L. Bergers, C. M. A. Reijnders, S. Gibbs, Stem 
Cell Rev. 2017, 13, 418.
 [22] R. E. Billingham, P. B. Medawar, J. Exp. Biol. 1951, 28, 385.
 [23] P. B. Medawar, Q. J. Microsc. Sci. 1948, 89, 187.
 [24] C. N. Cruickshank, J. R. Cooper, C. Hooper, J. Invest. Dermatol. 
1960, 34, 339.
 [25] C. E. Wheeler, C. M. Canby, E. P. Cawley, J. Invest. Dermatol. 1957, 
29, 383.
 [26] M. Eisinger, J. S. Lee, J. M. Hefton, Z. Darzynkiewicz, J. W. Chiao, 
E. de Harven, Proc. Natl Acad. Sci. USA 1979, 76, 5340.
 [27] H. Green, O. Kehinde, J. Thomas, Proc. Natl Acad. Sci. USA 1979, 76, 
5665.
 [28] N. E. O’Connor, S. Banks-Schlegel, O. Kehinde, H. Green, Lancet 
1981, 1, 75.
 [29] J. G. Rheinwald, H. Green, Cell 1975, 6, 331.
 [30] H. Green, Cell 1977, 11, 405.
 [31] G. Mazzoleni, D. Di Lorenzo, N. Steimberg, Genes. Nutr. 2009, 4, 
13.
 [32] A. E. Freeman, H. J. Igel, B. J. Herrman, K. L. Kleinfeld, In Vitro. 
1976, 12, 352.
 [33] J. H. Lillie, D. K. MacCallum, A. Jepsen, Exp. Cell Res. 1980, 125, 
153.
 [34] N. E. Fusenig, S. M. Amer, P. Boukamp, P. K. Worst, Bull. Cancer 
1978, 65, 271.
 [35] M. Prunieras, M. Regnier, D. Woodley, J. Invest. Dermatol. 1983, 81, 
28s.
 [36] M. Ponec, A. Weerheim, J. Kempenaar, A. M. Mommaas, D. H. 
Nugteren, J. Lipid Res. 1988, 29, 949.
 [37] E. Bell, H. P. Ehrlich, S. Sher, C. Merrill, R. Sarber, B. Hull, T. 
Nakatsuji, D. Church, D. J. Buttle, Plast. Reconstr. Surg. 1981, 67, 
386.
 [38] S. T. Boyce, D. J. Christianson, J. F. Hansbrough, J. Biomed. Mater. 
Res. 1988, 22, 939.
 [39] E. Bell, N. Parenteau, R. Gay, C. Nolte, P. Kemp, P. Bilbo, B. Ekstein, 
E. Johnson, Toxicol. In Vitro 1991, 5, 591.
 [40] S. Boyce, S. Michel, U. Reichert, B. Shroot, R. Schmidt, Skin 
Pharmacol. 1990, 3, 136.
 [41] N. Maas-Szabowski, H. J. Stark, N. E. Fusenig, J. Invest. Dermatol. 
2000, 114, 1075.
 [42] H. J. Stark, A. Szabowski, N. E. Fusenig, N. Maas-Szabowski, Biol. 
Proced. Online 2004, 6, 55.
 [43] S. Gibbs, S. Murli, G. De Boer, A. Mulder, A. M. Mommaas, M. 
Ponec, Pigment Cell Res. 2000, 13, 458.
 [44] M. Ponec, A. El Ghalbzouri, R. Dijkman, J. Kempenaar, G. van der 
Pluijm, P. Koolwijk, Angiogenesis 2004, 7, 295.
 [45] E. H. van den Bogaard, G. S. Tjabringa, I. Joosten, M. Vonk-Bergers, 
E. van Rijssen, H. J. Tijssen, M. Erkens, J. Schalkwijk, H. J. Koenen, 
J. Invest. Dermatol. 2014, 134, 719.
 [46] J. A. Hubbell, Biotechnology (N Y). 1995, 13, 565.
 [47] Y. Kuroyanagi, A. Shiraishi, Y. Shirasaki, N. Nakakita, Y. Yasutomi, Y. 
Takano, N. Shioya, Wound Repair Regen. 1994, 2, 122.
 [48] R. L. Walton, R. E. Brown, Ann. Plast. Surg. 1993, 30, 105.
 [49] H. Kandarova, M. Liebsch, E. Genschow, I. Gerner, D. Traue, B. 
Slawik, H. Spielmann, Altex 2004, 21, 107.
 [50] H. Kandarova, M. Liebsch, I. Gerner, E. Schmidt, E. Genschow, D. 
Traue, H. Spielmann, Altern. Lab. Anim. 2005, 33, 351.
     |  509NIEHUES Et al.
 [51] H. Kandarova, M. Liebsch, E. Schmidt, E. Genschow, D. Traue, H. 
Spielmann, K. Meyer, C. Steinhoff, C. Tornier, B. De Wever, M. 
Rosdy, Altern. Lab. Anim. 2006, 34, 393.
 [52] G. E. Flaten, Z. Palac, A. Engesland, J. Filipovic-Grcic, Z. Vanic, N. 
Skalko-Basnet, Eur. J. Pharm. Sci. 2015, 75, 10.
 [53] OECD, Test No. 439: In Vitro Skin Irritation: Reconstructed Human 
Epidermis Test Method, OECD Publishing, Paris 2015. https://doi.
org/10.1787/9789264242845-en
 [54] A. El Ghalbzouri, R. Siamari, R. Willemze, M. Ponec, Toxicol. In Vitro 
2008, 22, 1311.
 [55] OECD. ENV/JM/MONO (2015) 27(2015) 22. http://www.oecd.
org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/
JM/MONO(2015)22&doclanguage=en
 [56] J. H. Fentem, Altex 1999, 16, 150.
 [57] J. H. Fentem, P. A. Botham, Altern. Lab. Anim. 2004, 32(Suppl 1B), 
683.
 [58] A. P. Worth, J. H. Fentem, M. Balls, P. A. Botham, R. D. Curren, L. 
K. Earl, D. J. Esdaile, Altern. Lab. Anim. 1998, 26, 709.
 [59] S. Gibbs, S. Spiekstra, E. Corsini, J. McLeod, J. Reinders, Toxicol. In 
Vitro 2013, 27, 1170.
 [60] J. M. McKim Jr, D. J. Keller 3rd, J. R. Gorski, Cutan. Ocul. Toxicol. 
2012, 31, 292.
 [61] K. Saito, Y. Nukada, O. Takenouchi, M. Miyazawa, H. Sakaguchi, N. 
Nishiyama, Toxicol. In Vitro 2013, 27, 2213.
 [62] M. Alloul-Ramdhani, C. P. Tensen, A. El Ghalbzouri, Toxicol. In Vitro 
2014, 28, 982.
 [63] S. Lee, S. P. Jin, Y. K. Kim, G. Y. Sung, J. H. Chung, J. H. Sung, 
Biomed. Microdevices 2017, 19, 22.
 [64] I. Maschmeyer, A. K. Lorenz, K. Schimek, T. Hasenberg, A. P. 
Ramme, J. Hubner, M. Lindner, C. Drewell, S. Bauer, A. Thomas, N. 
S. Sambo, F. Sonntag, R. Lauster, U. Marx, Lab Chip 2015, 15, 2688.
 [65] E. M. Materne, I. Maschmeyer, A. K. Lorenz, R. Horland, K. M. 
Schimek, M. Busek, F. Sonntag, R. Lauster, U. Marx, J. Vis. Exp. 
2015, 28, e52526.
 [66] J. van Smeden, W. A. Boiten, T. Hankemeier, R. Rissmann, J. A. 
Bouwstra, R. J. Vreeken, Biochim. Biophys. Acta 2014, 1841, 70.
 [67] J. A. Bouwstra, G. S. Gooris, A. Weerheim, J. Kempenaar, M. 
Ponec, J. Lipid Res. 1995, 36, 496.
 [68] J. A. Bouwstra, G. S. Gooris, J. A. van der Spek, W. Bras, J. Invest. 
Dermatol. 1991, 97, 1005.
 [69] C. L. Gay, R. H. Guy, G. M. Golden, V. H. Mak, M. L. Francoeur, J. 
Invest. Dermatol. 1994, 103, 233.
 [70] I. C. Mackenzie, N. E. Fusenig, J. Invest. Dermatol. 1983, 81, 189s.
 [71] M. Régnier, M. Pruniéras, D. Woodley, Front. Matrix Biol. 1981, 9, 
35.
 [72] E. Bell, B. Ivarsson, C. Merrill, Proc. Natl Acad. Sci. USA 1979, 76, 
1274.
 [73] M. Ponec, P. J. Wauben-Penris, A. Burger, J. Kempenaar, H. E. 
Bodde, Skin Pharmacol. 1990, 3, 126.
 [74] B. Coulomb, C. Lebreton, L. Dubertret, J. Invest. Dermatol. 1989, 
92, 122.
 [75] M. Fartasch, M. Ponec, J. Invest. Dermatol. 1994, 102, 366.
 [76] P. P. Parnigotto, S. Bernuzzo, P. Bruno, M. T. Conconi, F. Montesi, 
Farmaco 1998, 53, 125.
 [77] M. Ponec, A. Weerheim, J. Kempenaar, A. Mulder, G. S. Gooris, J. 
Bouwstra, A. M. Mommaas, J. Invest. Dermatol. 1997, 109, 348.
 [78] M. Ponec, E. Boelsma, A. Weerheim, Acta Derm. Venereol. 2000, 
80, 89.
 [79] S. Pasonen-Seppanen, T. M. Suhonen, M. Kirjavainen, E. Suihko, A. 
Urtti, M. Miettinen, M. Hyttinen, M. Tammi, R. Tammi, Histochem. 
Cell Biol. 2001, 116, 287.
 [80] S. Pappinen, M. Hermansson, J. Kuntsche, P. Somerharju, P. Wertz, 
A. Urtti, M. Suhonen, Biochim. Biophys. Acta 2008, 1778, 824.
 [81] M. Ponec, A. Weerheim, P. Lankhorst, P. Wertz, J. Invest. Dermatol. 
2003, 120, 581.
 [82] M. Ponec, E. Boelsma, A. Weerheim, A. Mulder, J. Bouwstra, M. 
Mommaas, Int. J. Pharm. 2000, 203, 211.
 [83] C. Lotte, C. Patouillet, M. Zanini, A. Messager, R. Roguet, Skin. 
Pharmacol. Appl. Skin. Physiol. 2002, 15(Suppl 1), 18.
 [84] J. Vicanova, M. Ponec, A. Weerheim, V. Swope, M. Westbrook, D. 
Harriger, S. Boyce, Wound Repair Regen. 1997, 5, 329.
 [85] V. S. Thakoersing, G. S. Gooris, A. Mulder, M. Rietveld, A. El 
Ghalbzouri, J. A. Bouwstra, Tissue Eng Part C. Methods 2012, 18, 1.
 [86] K. Vavrova, D. Henkes, K. Struver, M. Sochorova, B. Skolova, M. Y. 
Witting, W. Friess, S. Schreml, R. J. Meier, M. Schafer-Korting, J. 
W. Fluhr, S. Kuchler, J. Invest. Dermatol. 2014, 134, 746.
 [87] J. van Smeden, W. A. Boiten, T. Hankemeier, R. Rissmann, J. A. 
Bouwstra, R. J. Vreeken, Biochim. Biophys. Acta 2014, 1841, 7.
 [88] V. S. Thakoersing, J. van Smeden, A. A. Mulder, R. J. Vreeken, A. El 
Ghalbzouri, J. A. Bouwstra, J. Invest. Dermatol. 2013, 133, 59.
 [89] M. Ponec, S. Gibbs, A. Weerheim, J. Kempenaar, A. Mulder, A. M. 
Mommaas, Arch. Dermatol. Res. 1997, 289, 317.
 [90] A. S. Borowiec, P. Delcourt, E. Dewailly, G. Bidaux, PLoS ONE 2013, 
8, e77507.
 [91] R. Sun, A. Celli, D. Crumrine, M. Hupe, L. C. Adame, S. D. 
Pennypacker, K. Park, Y. Uchida, K. R. Feingold, P. M. Elias, D. Ilic, 
T. M. Mauro, Tissue Eng Part C. Methods 2015, 21, 15.
 [92] A. Mieremet, M. Rietveld, S. Absalah, J. van Smeden, J. A. 
Bouwstra, A. El Ghalbzouri, PLoS ONE 2017, 12, e0174478.
 [93] S. Grether-Beck, I. Felsner, H. Brenden, Z. Kohne, M. Majora, A. 
Marini, T. Jaenicke, M. Rodriguez-Martin, C. Trullas, M. Hupe, P. M. 
Elias, J. Krutmann, J. Invest. Dermatol. 2012, 132, 1561.
 [94] M. Q. Man, E. H. Choi, M. Schmuth, D. Crumrine, Y. Uchida, P. M. 
Elias, W. M. Holleran, K. R. Feingold, J. Invest. Dermatol. 2006, 126, 
386.
 [95] E. H. van den Bogaard, J. G. Bergboer, M. Vonk-Bergers, I. M. van 
Vlijmen-Willems, S. V. Hato, P. G. van der Valk, J. M. Schroder, I. 
Joosten, P. L. Zeeuwen, J. Schalkwijk, J. Clin. Invest. 2013, 123, 917.
 [96] S. Kuchler, K. Struver, W. Friess, Expert Opin. Drug Metab. Toxicol. 
2013, 9, 1255.
 [97] H. Schluter, R. Wepf, I. Moll, W. W. Franke, Eur. J. Cell Biol. 2004, 
83, 655.
 [98] S. Rachow, M. Zorn-Kruppa, U. Ohnemus, N. Kirschner, S. Vidal-
y-Sy, P. von den Driesch, C. Bornchen, J. Eberle, M. Mildner, E. 
Vettorazzi, R. Rosenthal, I. Moll, J. M. Brandner, PLoS ONE 2013, 8, 
e55116.
 [99] T. Volksdorf, J. Heilmann, S. A. Eming, K. Schawjinski, M. Zorn-
Kruppa, C. Ueck, Y. S. S. Vidal, S. Windhorst, M. Jucker, I. Moll, J. 
M. Brandner, Am. J. Pathol. 2017, 187, 1301.
 [100] A. De Benedetto, N. M. Rafaels, L. Y. McGirt, A. I. Ivanov, S. 
N. Georas, C. Cheadle, A. E. Berger, K. Zhang, S. Vidyasagar, T. 
Yoshida, M. Boguniewicz, T. Hata, L. C. Schneider, J. M. Hanifin, 
R. L. Gallo, N. Novak, S. Weidinger, T. H. Beaty, D. Y. Leung, K. 
C. Barnes, L. A. Beck, J. Allergy Clin. Immunol. 2011, 127, 773, 
e771–777.
 [101] C. A. O’Neill, D. Garrod, Exp. Dermatol. 2011, 20, 88.
 [102] K. Basler, M. F. Galliano, S. Bergmann, H. Rohde, E. Wladykowski, 
Y. S. S. Vidal, B. Guiraud, P. Houdek, G. Schuring, T. Volksdorf, 
A. Caruana, S. Bessou-Touya, S. W. Schneider, H. Duplan, J. M. 
Brandner, Ann. N. Y. Acad. Sci. 2017, 1405, 53.
 [103] H. Niehues, J. Schalkwijk, I. van Vlijmen-Willems, D. Rodijk-
Olthuis, M. M. van Rossum, E. Wladykowski, J. M. Brandner, E. H. 
J. van den Bogaard, P. Zeeuwen, J. Allergy Clin. Immunol. 2017, 139, 
1979, e1913.
 [104] A. Celli, Y. Zhai, Y. J. Jiang, D. Crumrine, P. M. Elias, K. R. Feingold, 
T. M. Mauro, Exp. Dermatol. 2012, 21, 798.
 [105] M. Gschwandtner, M. Mildner, V. Mlitz, F. Gruber, L. Eckhart, T. 
Werfel, R. Gutzmer, P. M. Elias, E. Tschachler, Allergy 2013, 68, 37.
 [106] M. Kurasawa, S. Kuroda, N. Kida, M. Murata, A. Oba, T. Yamamoto, 
H. Sasaki, Biochem. Biophys. Res. Commun. 2009, 381, 171.
510  |     NIEHUES Et al.
 [107] T. Yuki, M. Tobiishi, A. Kusaka-Kikushima, Y. Ota, Y. Tokura, PLoS 
ONE 2016, 11, e0161759.
 [108] T. Yuki, H. Yoshida, Y. Akazawa, A. Komiya, Y. Sugiyama, S. Inoue, 
J. Immunol. 2011, 187, 3230.
 [109] T. Yuki, A. Komiya, A. Kusaka, T. Kuze, Y. Sugiyama, S. Inoue, J. 
Dermatol. Sci. 2013, 69, 148.
 [110] R. Abdayem, S. Callejon, P. Portes, P. Kirilov, F. Demarne, F. Pirot, 
V. Jannin, M. Haftek, Exp. Dermatol. 2015, 24, 686.
 [111] R. Gruber, C. Bornchen, K. Rose, A. Daubmann, T. Volksdorf, E. 
Wladykowski, Y. S. S. Vidal, E. M. Peters, M. Danso, J. A. Bouwstra, 
H. C. Hennies, I. Moll, M. Schmuth, J. M. Brandner, Am. J. Pathol. 
2015, 185, 2777.
 [112] S. Honzke, L. Wallmeyer, A. Ostrowski, M. Radbruch, L. Mundhenk, 
M. Schafer-Korting, S. Hedtrich, J. Invest. Dermatol. 2016, 136, 631.
 [113] K. H. Hanel, C. M. Pfaff, C. Cornelissen, P. M. Amann, Y. Marquardt, 
K. Czaja, A. Kim, B. Luscher, J. M. Baron, J. Immunol. 2016, 196, 
3233.
 [114] C. Zoschke, M. Ulrich, M. Sochorova, C. Wolff, K. Vavrova, N. Ma, 
C. Ulrich, J. M. Brandner, M. Schafer-Korting, J. Control. Release 
2016, 233, 10.
 [115] X. W. Wang, J. J. Wang, D. Gutowska-Owsiak, M. Salimi, T. A. 
Selvakumar, A. Gwela, L. Y. Chen, Y. J. Wang, E. Giannoulatou, G. 
Ogg, Clin. Exp. Dermatol. 2017, 42, 622.
 [116] M. Schmuth, S. Blunder, S. Dubrac, R. Gruber, V. Moosbrugger-
Martinz, J. Dtsch. Dermatol. Ges. 2015, 13, 1119.
 [117] H. Kawasaki, K. Nagao, A. Kubo, T. Hata, A. Shimizu, H. Mizuno, 
T. Yamada, M. Amagai, J. Allergy Clin. Immunol. 2012, 129, 1538, 
e1536.
 [118] M. Janssens, J. van Smeden, G. S. Gooris, W. Bras, G. Portale, P. J. 
Caspers, R. J. Vreeken, T. Hankemeier, S. Kezic, R. Wolterbeek, A. 
P. Lavrijsen, J. A. Bouwstra, J. Lipid Res. 2012, 53, 2755.
 [119] G. M. O’Regan, P. M. Kemperman, A. Sandilands, H. Chen, L. E. 
Campbell, K. Kroboth, R. Watson, M. Rowland, G. J. Puppels, W. 
H. McLean, P. J. Caspers, A. D. Irvine, J. Allergy Clin. Immunol. 2010, 
126, 574, e571.
 [120] S. Kezic, P. M. Kemperman, E. S. Koster, C. M. de Jongh, H. B. 
Thio, L. E. Campbell, A. D. Irvine, W. H. McLean, G. J. Puppels, P. J. 
Caspers, J. Invest. Dermatol. 2008, 128, 2117.
 [121] I. Angelova-Fischer, A. C. Mannheimer, A. Hinder, A. Ruether, A. 
Franke, R. H. Neubert, T. W. Fischer, D. Zillikens, Exp. Dermatol. 
2011, 20, 351.
 [122] R. Gruber, P. M. Elias, D. Crumrine, T. K. Lin, J. M. Brandner, J. P. 
Hachem, R. B. Presland, P. Fleckman, A. R. Janecke, A. Sandilands, 
W. H. McLean, P. O. Fritsch, M. Mildner, E. Tschachler, M. Schmuth, 
Am. J. Pathol. 2011, 178, 2252.
 [123] M. Mildner, C. Ballaun, M. Stichenwirth, R. Bauer, R. Gmeiner, M. 
Buchberger, V. Mlitz, E. Tschachler, Biochem. Biophys. Res. Commun. 
2006, 348, 76.
 [124] S. Kuchler, D. Henkes, K. M. Eckl, K. Ackermann, J. Plendl, H. C. 
Korting, H. C. Hennies, M. Schafer-Korting, Altern. Lab. Anim. 
2011, 39, 471.
 [125] V. Pendaries, J. Malaisse, L. Pellerin, M. Le Lamer, R. Nachat, S. 
Kezic, A. M. Schmitt, C. Paul, Y. Poumay, G. Serre, M. Simon, J. 
Invest. Dermatol. 2014, 134, 2938.
 [126] V. van Drongelen, M. Alloul-Ramdhani, M. O. Danso, A. Mieremet, 
A. Mulder, J. van Smeden, J. A. Bouwstra, A. El Ghalbzouri, Exp. 
Dermatol. 2013, 22, 807.
 [127] S. Blunder, R. Ruhl, V. Moosbrugger-Martinz, C. Krimmel, A. 
Geisler, H. Zhu, D. Crumrine, P. M. Elias, R. Gruber, M. Schmuth, S. 
Dubrac, J. Invest. Dermatol. 2017, 137, 706.
 [128] M. Mildner, J. Jin, L. Eckhart, S. Kezic, F. Gruber, C. Barresi, C. 
Stremnitzer, M. Buchberger, V. Mlitz, C. Ballaun, B. Sterniczky, D. 
Fodinger, E. Tschachler, J. Invest. Dermatol. 2010, 130, 2286.
 [129] I. H. Kuo, T. Yoshida, A. De Benedetto, L. A. Beck, J. Allergy Clin. 
Immunol. 2013, 131, 266.
 [130] Z. Gao, C. H. Tseng, B. E. Strober, Z. Pei, M. J. Blaser, PLoS ONE 
2008, 3, e2719.
 [131] E. A. Grice, H. H. Kong, S. Conlan, C. B. Deming, J. Davis, A. C. 
Young, N. C. S. Program, G. G. Bouffard, R. W. Blakesley, P. R. 
Murray, E. D. Green, M. L. Turner, J. A. Segre, Science 2009, 324, 
1190.
 [132] H. H. Kong, J. Oh, C. Deming, S. Conlan, E. A. Grice, M. A. Beatson, 
E. Nomicos, E. C. Polley, H. D. Komarow, N. C. S. Program, P. R. 
Murray, M. L. Turner, J. A. Segre, Genome Res. 2012, 22, 850.
 [133] P. L. Zeeuwen, J. Boekhorst, E. H. van den Bogaard, H. D. de 
Koning, P. M. van de Kerkhof, D. M. Saulnier, S. van Swam II, S. 
A. van Hijum, M. Kleerebezem, J. Schalkwijk, H. M. Timmerman, 
Genome Biol. 2012, 13, R101.
 [134] A. Fahlen, L. Engstrand, B. S. Baker, A. Powles, L. Fry, Arch. 
Dermatol. Res. 2012, 304, 15.
 [135] A. V. Alekseyenko, G. I. Perez-Perez, A. De Souza, B. Strober, Z. 
Gao, M. Bihan, K. Li, B. A. Methe, M. J. Blaser, Microbiome. 2013, 1, 
31.
 [136] S. Fitz-Gibbon, S. Tomida, B. H. Chiu, L. Nguyen, C. Du, M. Liu, D. 
Elashoff, M. C. Erfe, A. Loncaric, J. Kim, R. L. Modlin, J. F. Miller, 
E. Sodergren, N. Craft, G. M. Weinstock, H. Li, J. Invest. Dermatol. 
2013, 133, 2152.
 [137] K. R. Chng, A. S. Tay, C. Li, A. H. Ng, J. Wang, B. K. Suri, S. A. Matta, 
N. McGovern, B. Janela, X. F. Wong, Y. Y. Sio, B. V. Au, A. Wilm, P. 
F. De Sessions, T. C. Lim, M. B. Tang, F. Ginhoux, J. E. Connolly, E. B. 
Lane, F. T. Chew, J. E. Common, N. Nagarajan, Nat. Microbiol. 2016, 
1, 16106.
 [138] T. C. Scharschmidt, M. A. Fischbach, Drug Discov. Today Dis. Mech. 
2013, 10, 3.
 [139] P. L. Zeeuwen, M. Kleerebezem, H. M. Timmerman, J. Schalkwijk, 
Curr. Opin. Allergy Clin. Immunol. 2013, 13, 514.
 [140] I. Cho, M. J. Blaser, Nat. Rev. Genet. 2012, 13, 260.
 [141] C. N. Palmer, A. D. Irvine, A. Terron-Kwiatkowski, Y. Zhao, H. Liao, 
S. P. Lee, D. R. Goudie, A. Sandilands, L. E. Campbell, F. J. Smith, 
G. M. O’Regan, R. M. Watson, J. E. Cecil, S. J. Bale, J. G. Compton, 
J. J. DiGiovanna, P. Fleckman, S. Lewis-Jones, G. Arseculeratne, A. 
Sergeant, C. S. Munro, B. El Houate, K. McElreavey, L. B. Halkjaer, 
H. Bisgaard, S. Mukhopadhyay, W. H. McLean, Nat. Genet. 2006, 
38, 441.
 [142] M. R. Williams, R. L. Gallo, Curr. Allergy Asthma Rep. 2015, 15, 65.
 [143] L. Hepburn, D. J. Hijnen, B. R. Sellman, T. Mustelin, M. A. Sleeman, 
R. D. May, I. Strickland, Br. J. Dermatol. 2017, 177, 63.
 [144] V. van Drongelen, E. M. Haisma, J. J. Out-Luiting, P. H. Nibbering, 
A. El Ghalbzouri, Clin. Exp. Allergy 2014, 44, 1515.
 [145] N. Merchant, K. Smith, M. G. Jeschke, Surg. Infect. (Larchmt) 2015, 
16, 380.
 [146] W. Norbury, D. N. Herndon, J. Tanksley, M. G. Jeschke, C. C. 
Finnerty, Surg. Infect. (Larchmt) 2016, 17, 250.
 [147] A. Y. Liu, D. Destoumieux, A. V. Wong, C. H. Park, E. V. Valore, L. 
Liu, T. Ganz, J. Invest. Dermatol. 2002, 118, 275.
 [148] O. E. Sorensen, D. R. Thapa, A. Rosenthal, L. Liu, A. A. Roberts, T. 
Ganz, J. Immunol. 2005, 174, 4870.
 [149] F. Niyonsaba, H. Ushio, I. Nagaoka, K. Okumura, H. Ogawa, J. 
Immunol. 2005, 175, 1776.
 [150] Y. Lai, A. L. Cogen, K. A. Radek, H. J. Park, D. T. Macleod, A. 
Leichtle, A. F. Ryan, A. Di Nardo, R. L. Gallo, J. Invest. Dermatol. 
2010, 130, 2211.
 [151] I. Wanke, H. Steffen, C. Christ, B. Krismer, F. Gotz, A. Peschel, M. 
Schaller, B. Schittek, J. Invest. Dermatol. 2011, 131, 382.
 [152] M. Simanski, F. Rademacher, L. Schroder, R. Glaser, J. Harder, PLoS 
ONE 2016, 11, e0147118.
 [153] C. Dieterich, M. Schandar, M. Noll, F. J. Johannes, H. Brunner, T. 
Graeve, S. Rupp, Microbiology 2002, 148, 497.
 [154] D. B. Holland, R. A. Bojar, A. H. Jeremy, E. Ingham, K. T. Holland, 
FEMS Microbiol. Lett. 2008, 279, 110.
     |  511NIEHUES Et al.
 [155] D. B. Holland, R. A. Bojar, M. D. Farrar, K. T. Holland, FEMS 
Microbiol. Lett. 2009, 290, 149.
 [156] K. R. Kirker, P. R. Secor, G. A. James, P. Fleckman, J. E. Olerud, P. S. 
Stewart, Wound Repair Regen. 2009, 17, 690.
 [157] E. M. Haisma, M. H. Rietveld, A. de Breij, J. T. van Dissel, A. El 
Ghalbzouri, P. H. Nibbering, PLoS ONE 2013, 8, e82800.
 [158] D. A. van der Krieken, T. H. Ederveen, S. A. van Hijum, P. A. Jansen, 
W. J. Melchers, P. T. Scheepers, J. Schalkwijk, P. L. Zeeuwen, Acta 
Derm. Venereol. 2016, 96, 873.
 [159] S. Commandeur, F. R. de Gruijl, R. Willemze, C. P. Tensen, A. El 
Ghalbzouri, Exp. Dermatol. 2009, 18, 849.
 [160] A. El Ghalbzouri, M. Jonkman, J. Kempenaar, M. Ponec, Am. J. 
Pathol. 2003, 163, 1771.
 [161] A. El-Ghalbzouri, A. J. Van Den Bogaerdt, J. Kempenaar, M. Ponec, 
Br. J. Dermatol. 2004, 150, 444.
 [162] V. van Drongelen, M. O. Danso, J. J. Out, A. Mulder, A. P. Lavrijsen, 
J. A. Bouwstra, A. El Ghalbzouri, Cell Tissue Res. 2015, 361, 789.
 [163] G. Tjabringa, M. Bergers, D. van Rens, R. de Boer, E. Lamme, J. 
Schalkwijk, Am. J. Pathol. 2008, 173, 815.
How to cite this article: Niehues H, Bouwstra JA, Ghalbzouri 
AE, Brandner JM, Zeeuwen PLJM, van den Bogaard EH. 3D 
skin models for 3R research: The potential of 3D reconstructed 
skin models to study skin barrier function. Exp Dermatol. 
2018;27:501-511. https://doi.org/10.1111/exd.13531
